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Heart failure (HF) is a major cardiovascular syndrome with increasing incidence and prevalence. 1 HF with preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF) represent two distinct disorders in the HF spectrum. 2, 3 Moreover, medications that have resulted in obvious improvements in HFrEF have not produced similar effects in HFpEF. 3 However, exercise intolerance and poor health-related quality-of-life (QoL) diagnosed in HFpEF patients are highly similar to those in HFrEF patients. 2, 3 Diminished cardiac inotropic reserve revealed by left ventricular (LV) chamber dilation is more common in HFrEF compared with HFpEF. 4 Conversely, increased vascular stiffening observed in HFpEF produces greater blood pressure lability with changes in preload, afterload, and stress than in HFrEF. 4, 5 Accordingly, central or peripheral hemodynamic disturbance caused by HFrEF or HFpEF may lead to functional aerobic impairment in patients with HF. Although cardiac rehabilitation is a valuable nonpharmacologic intervention for improving aerobic fitness and overall health status in patients with HF, 6 controversy persists regarding whether HFpEF and HFrEF patients may respond differently in hemodynamic adaptation to the same rehabilitation protocol.
Aerobic interval training (AIT) is a more effective modality for improving functional capacity than traditional endurance training in patients with HF. 7Y9 Animal models of postinfarction HF have shown that AIT rescued impaired contractility, attenuated hypertrophy, and reduced expression of atrial natriuretic peptide in cardiac myocytes. 10, 11 Wisloff et al._s study 9 demonstrated that AIT was superior to moderate continuous training for HFrEF patients. Angadi et al._s study 12 also demonstrated that high-intensity interval training provided more robust stimulus than moderate continuous training for improving VO 2peak and LV diastolic dysfunction in HFpEF patients. Although AIT significantly improved the functional capacity in both HFpEF and HFrEF patients, it must elicit different physiologic adaptations in each group. Wisloff 13 no improvement was seen in those with HFpEF. However, few studies have further elucidated the distinct effects of AIT on central and peripheral hemodynamics between HFpEF and HFrEF patients.
The purpose of this study was to clarify how AIT influences central or/and peripheral hemodynamic response(s) to exercise in patients with HFpEF or HFrEF. The authors hypothesize that AIT elicits different hemodynamic adaptations under HFpEF and HFrEF conditions, which are associated with improved functional aerobic capacity and health-related QoL in these patients. To answer the above questions, this investigation clearly compared the effects of AIT on (1) cardiac hemodynamic responses to exercise, (2) cerebral/muscular perfusion/oxygenation during exercise, (3) ventilatory efficiency and aerobic fitness, and (4) general and disease-specific QoL measures between patients with HFpEF and patients with HFrEF.
METHODS Subjects
This study enrolled 120 patients diagnosed with HF from the Department of Cardiology, Chang Gung Memorial Hospital, Taiwan. The HF was diagnosed by the cardiologists from the authors_ institution who were blinded to subsequent exercise intervention. All enrolled subjects had an acute episode, requiring hospitalization. After discharge from the authors_ hospital, they received optimal treatment for 4 wks according to the American Heart Association/American College of Cardiology guidelines and entered the case management program in the HF center, with referral to the authors_ rehabilitation department for subsequent testing and training. All enrolled subjects belonged to New York Heart Association functional classes II to III and were classified into (1) an LV ejection fraction (LVEF) less than 30% by M-mode of echocardiography, marked as HFrEF, or (2) an LVEF greater than or equal to 50% with episodes of acute pulmonary edema after excluding other noncardiogenic etiologies, marked as HFpEF. 14 
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Supported by the National Science Council of Taiwan (NSC 99-2314-B-182-012-MY3 and 102-2628-B-182-018-MY3), Chang Gung Medical Research Program (CMRPD1A0131, CMRPD2C0161, and CMRPG2C0221), and the Healthy Aging Research Center, Chang Gung University (EMRPD1A0841). No conflicts of interest, financial or otherwise, are declared by the authors. This article has not been published elsewhere or is not being considered for publication elsewhere and that the research reported will not be submitted for publication elsewhere until a final decision has been made as to its acceptability by the American Journal of Physical Medicine and Rehabilitation. Financial disclosure statements have been obtained, and no conflicts of interest have been reported by the authors or by any individuals in control of the content of this article. life-threatening ventricular arrhythmias, recent unstable angina, myocardial infarction or coronary revascularization (G4 wks), uncontrolled diabetes mellitus, severe chronic obstructive pulmonary disease, or symptomatic cerebrovascular disease within 12 mos; collagen vascular disease and alcohol or drug abuse during the previous 12 mos; or significant renal or hepatic disease (glomerular filtration rate G 30 mL/min per 1.73 m 2 , single creatinine level 9 2.0 mg/dL, or single total bilirubin level 9 1.3 mg/dL). According to their LVEF data from echocardiography and the intervention style, all participants were divided into HFpEF with AIT (HFpEF-T, n = 30), HFrEF with AIT (HFrEF-T, n = 30), HFpEF with general health care (HFpEF-C, n = 30), and HFrEF with general health care (HFrEF-C, n = 30) groups. The investigation was performed according to the Declaration of Helsinki, approved by the Institutional Review Board of Chang Gung Memorial Hospital, Taiwan (98-1374B), and registered on clinicaltrial.gov (NCT01053091). All subjects provided written informed consent after the experimental procedures were explained.
Graded Exercise Test
Subjects performed a graded exercise test on a bicycle ergometer (VIAsprint 150P, Cardinal Health, Germany). 8, 15 Each subject was instructed to fast for at least 8 hrs and to refrain from exercise for at least 24 hrs before the test for baseline data acquirement. All subjects arrived at the testing center at 9:00 a.m. to eliminate diurnal effects. The exercise test composed of 2 mins of unloaded pedaling followed by a continuous increase in work rate of 10 W/min until exhaustion (progressive exercise to peak oxygen consumption, VO 2peak ). Minute ventilation (V E ), oxygen consumption (VO 2 ), and carbonic dioxide production (VCO 2 ) were measured breath by breath using a computer-based system (MasterScreen CPX, Cardinal Health). Heart rate (HR) was determined from the R-R interval on a 12lead electrocardiogram, mean arterial pressure (MAP) was measured using an automatic blood pressure system (Tango, SunTech Medical, UK), and arterial O 2 saturation was monitored by finger pulse oximetry (model 9500, Nonin Onyx, Plymouth, MN). The VO 2peak was defined by the following criteria: (1) VO 2 increased by less than 2 mL/kg per minute in the last 2 min, (2) HR exceeded 85% of its predicted maximum, (3) the respiratory exchange ratio exceeded 1.15, or (4) some other symptom/ sign limitations, as described in the guidelines of the American College of Sports Medicine for exercise testing. 16 Additionally, the O 2 uptake efficiency slope (OUES) was derived from the slope of a logarithm plot of V E vs. VO 2 . 17, 18 Ventilation and VCO 2 responses, obtained during the period between the start of exercise and the peak, were used to calculate the V E /VCO 2 slope using least squares linear regression (y = m I x + b, m = slope). 18 
Exercise Training
Both HFpEF-T and HFrEF-T groups performed supervised hospital-based training on a bicycle ergometer (VIAsprint 150P, Cardinal Health), completing 3 weekly sessions for 12 wks. The trained subjects warmed up for 3 mins at 30% of VO 2peak (,30% heart rate reserve; ,30% I (HR peak Y HR rest ) + HR rest ) before exercise for five 3-min intervals at 80% of VO 2peak (,80% heart rate reserve). Each interval was separated by 3-min exercise at 40% of VO 2peak (,40% heart rate reserve). The exercise session was terminated by 3-min cooldown at 30% of VO 2peak (,30% heart rate reserve). Each subject used an HR monitor (Tango, SunTech Medical) to obtain the assigned intensity of exercise. Borg 6-to-20 scale was used to assess the rate of perceived exertion during and after each exercise session. The work rate of the bicycle ergometer was adjusted continuously to ensure that the intensity of exercise matched the target HR throughout the training period. 8, 15 Both HFpEF-C and HFrEF-C groups only engaged in a general home-based health care program and were prompted to exercise by nonspecific oral commands from the case manager only, as described in the authors_ previous studies. 8, 15, 19 The rates of attrition with various groups were from 93.3% to 100%, respectively.
Echocardiography
All subjects underwent full echocardiography examination twice by experienced cardiologists who were blinded to exercise intervention using a transthoracic ultrasound system (GE, Vivid E9, Norway). The first test was performed within 1 mo before exercise training and the second test was performed within 1 wk after the completion of the total exercise training. Patients were examined at rest in the left lateral supine position. Cardiac dimensions and Doppler measurements were obtained in accordance with American Society of Echocardiography recommendations. 20 M-mode echocardiography (Teichholz method) was used to measure left ventricle end-diastolic diameter (LVEDD), left ventricle end-systolic diameter (LVESD), and LVEF. Pulsed-wave Doppler was performed in the apical four-chamber view. From transmitral recordings, the peak early (E) and late (A) diastolic filling velocities, E/A ratio, and E wave deceleration time were obtained. Tissue Doppler imaging of the mitral annulus movement was obtained from the apical fourchamber view. A 1.5-mm sample volume was placed at the septal annular site. The systolic and early and late diastolic peak velocities were analyzed. The LV filling index was measured by the ratio of transmitral early flow velocity to annular velocity (E/E ¶). 21, 22 Cardiac Hemodynamic Measurements A noninvasive continuous cardiac output monitoring system (NICOM) (Cheetah Medical, Wilmington, DE) was used to evaluate cardiovascular hemodynamic response to exercise, which analyzes the phase shift ($?) created by alternating electrical current across the chest of the subject, as described in the authors_ previous studies. 8, 15 The accuracy, precision, and responsiveness of this bioreactancebased device have also been validated compared with the thermodilution technique, which is the gold standard for cardiac output (CO) determination in the clinical setting. 23 Stroke volume (SV) was estimated using the following equation: SV = C Â VET Â d?/ dtmax, where C is a constant of proportionality and VET denotes the ventricular ejection time, as determined using the NICOM and electrocardiogram signals. The cardiac index (CI), SV index (SVI), MAP, arteriovenous O 2 difference (Da-vO 2 ), total peripheral resistance (TPR),and cardiac power index (CPI) 24 were then calculated using the following equations:
Cerebral and Muscular Hemodynamic Measurements
Two pairs of near-infrared probes were attached to each subject to monitor the absorption of light across the left frontal cerebral lobe and vastus lateralis muscle (VL) (Oxymon, Artinis, The Netherlands) during the exercise test, as described in the authors_ previous studies. 8, 15 The spacing between optodes was adjusted to ensure proper placement (range, 2.5Y3.5 cm in FC and 3.5Y4.5 in VC, respectively) and signal strength (10%Y30%) on each subject. 25 The Beer-Lambert law was used to calculate micromolar changes in tissue oxygenation ($[O 2 Hb] and $[HHb]) using received optical densities from two near-infrared wavelengths of 780 and 850 nm. The differential pathlength factors of muscle and cerebral tissues were set in 4.95 and 5.93, respectively. 15, 26 Total Hb concentration ($[THb]) was calculated as the sum of $[O 2 Hb] and $[HHb] and used as an index of change in regional blood volume. 15 Data were recorded at 10 Hz and filtered with a Savitzky-Golay smoothing algorithm before analysis.
Health-Related QoL
Generic and disease-specific QoL in the HF population were measured using the Short Form-36 Health Survey questionnaire (SF-36) and the Minnesota Living with Heart Failure questionnaire (MLHFQ), respectively. 27 SF-36 is a generic measure and can help differentiate QoL issues related to comorbidities from those related to HF, whereas MLHFQ is developed as a self-assessment measure of therapeutic response to interventions for HF. 27
Statistical Analysis
Data were expressed as mean (SEM) and were analyzed using the statistical software package StatView. Experimental results were analyzed by 4 (groups) Â 2 (time sample points; i.e., preintervention and postinterventions) repeated-measures analysis of variance with the Bonferonni post hoc test to compare ventilatory and hemodynamic parameters at the beginning of this study and after 12 wks in various groups. Additionally, the comparison of MLHFQ and SF-36 at the beginning of this study and 12 wks later in various groups was analyzed using the Kruskal-Wallis test and post hoc test. Multiple regression analysis was used to clarify the relationships between changes of aerobic fitness and hemodynamic parameters caused by AIT in the HFpEF or HFrEF patients. The criterion for significance was P less than 0.05. The effect size was calculated from the authors_ previous studies. 8 The statistical power by G*power 3.1 for the matched pairs analysis revealed that 26 patients were required to detect a large effect size (0.9) in VO 2peak with a power of 90% and a two-sided 5% significance level. (14) HR, mean (SE), beats/min 82 (2) 80 (3) 79 (3) 77 (3) 80 (3) 81 (4) 81 (3) 82 (4) Systolic blood pressure, mean (SE), mm Hg 138 (4) 136 (4) 131 (4) 129 (4) 139 (4) 138 (3) 132 (4) 129 (4) Diastolic blood pressure, mean (SE), mm Hg 83 (3) 82 (4) 81 (3) 82 (4) 82 (3) 83 (4) 79 (3) 78 (4 (6) 144 (7) 159 (8) 169 (8) 170 (18) 176 (6) 140 (16) 159 (12) Triglyceride, mean (SE), mg/dL 110 (14) 112 (17) 110 (8) 103 (9) 109 (13) 104 (6) 105 (16) 119 (15) Glucose, mean (SE), mg/dL 118 (5) 115 (4) 119 (5) 117 (6) 114 (7) 117 (9) 116 (5) 115 (7) HbA1c, mean (SE), % (Table 1) . Before the intervention, the two HFrEF groups had lower LVEF and larger LVESD and LVEDD diameters than the two HFpEF groups ( 
Aerobic Capacity and Ventilatory Efficiency
At preintervention status, HFpEF patients had similar levels of work rate (Fig. 1A) , VO 2 (Fig. 1B) , and V E (Fig. 1D ) at peak exercise, as well as OUES ( Fig. 1E) and V E /VCO 2 slope (Fig. 1F) , to HFrEF patients. However, peak Da-vO 2 was markedly higher with HFrEF patients compared with HFpEF patients (Fig. 1C , P G 0.05). Twelve weeks of AIT significantly increased peak work rate ( Fig. 1A , P G 0.05), VO 2 (Fig. 1B , P G 0.05), and V E (Fig. 1D , P G 0.05) and steeper OUES (Fig. 1E , P G 0.05) in both HFpEF and HFrEF groups, but only increased Da-vO 2 (Fig. 1C , P G 0.05) and lowered V E /VCO 2 slope (Fig. 1F , P G 0.05) in the HFpEF group. Conversely, no significant changes in aerobic capacity and ventilatory efficiency in patients with HFpEF or HFrEF were observed after general health care for 12 wks (Fig. 1AYF ).
Central and Peripheral Hemodynamics
Patients with HFrEF had lower SVI ( Fig. 2B , P G 0.05), CI ( Fig. 2C , P G 0.05), MAP ( Fig. 2D , P G 0.05), CPI ( Fig. 2E , P G 0.05), SBP ( Fig. 2G , P G 0.05), PP ( Fig. 2H , P G 0.05), and DBP ( Fig. 2I , P G 0.05) at peak exercise than patients with HFpEF. The AIT regimen significantly increased peak SVI (Fig. 2B , P G 0.05), CI ( 
Relationships Between Aerobic Capacity and Central/Peripheral Hemodynamic Adaptations

Health-Related QoL
AIT substantially reduced MLHFQ score from 41.0 (2.1) and 42.1 (2.5) to 22.5 (2.3) and 24.1 (3.1) in HFpEF and HFrEF groups, respectively ( 
DISCUSSION
This study was the first to integrate bioreactancebased measurement, near-infrared spectrometry, and automatic gas analysis to clarify the distinct effects of AIT on hemodynamic/ventilatory efficiencies between HFpEF and HFrEF patients. Notably, 12 wks of AIT effectively enhanced cardiac hemodynamic response to exercise in HFrEF patients while increasing blood distribution to FC and VL as well as O 2 use by VL during exercise in HFpEF patients. In terms of ventilatory efficiency, the AIT regimen heightened VO 2peak and OUES in both HFpEF and HFrEF patients and lowered the V E /VCO 2 slope in HFpEF patients. Furthermore, improved hemodynamic/ventilatory efficiencies by AIT were associated with increased functional aerobic capacity and promoted generic/disease-specific QoL in patients with either HFpEF or HFrEF.
In the authors_ previous study, AIT actually boosted CO and increased $[THb] FC, $[THb] VL, and $[HHb] VL in HF patients. After precise grouping in this study, it seems clearer that HFrEF patients were associated with the increased CO after AIT training, and HFpEF patients were associated with the adaptation improvement in peak $[THb] FC and $[THb] VL .
Central Hemodynamic Adaptation
Peak CPI represents cardiac pumping capability, which, measured noninvasively with a bioreactance technique, could be a powerful predictor of outcome in HF. 24, 28 In this investigation, HFrEF patients revealed lower CPI level at peak exercise than HFpEF patients did, which may reflect inefficient cardiac pumping during exercise in HFrEF. However, AIT for 12 wks significantly improved LV systolic function in the HFrEF patients by observing the results of shortened LVESD and elevated LVEF. Furthermore, AIT also enhanced HR and CPI responses to exercise in patients with HFrEF, suggesting that this regimen may ameliorate chronotropic incompetence and improve cardiac pumping efficiency during exercise in the HF population. 29 On the other hand, AIT effectively lowered the LV filling pressure as evident from the decreased E/E ¶ ratio in patients with HFpEF despite no change in their E/A ratio. Growing evidence supports that the E/E ¶ ratio is more sensitive than the E/A ratio for detection of LV diastolic dysfunction. 30 Moreover, the LV filling pressure in 15% of HFpEF patients was normalized (E/E ¶ G 8) after 12 wks of AIT. 30 In summary, the distinct adaptations of AIT on cardiac functions between HFrEF and HFpEF patients may involve the different improvements in systolic and diastolic hemodynamic properties, respectively.
Peripheral Hemodynamic Adaptation
Despite lowered cardiac hemodynamic response to exercise, HFrEF patients have similar VO 2peak along with higher Da-vO 2 compared with HFpEF patients. This phenomenon may reflect that progression of HFrEF preserves (or increases) the ability of tissue O 2 extraction to compensate the reduction of O 2 delivery from the heart, subse-quently retarding the decline in functional capacity. Although AIT manifestly improved cardiac pumping capacity in HFrEF patients, their Da-vO 2 and perfusion/O 2 use in FC and VL during exercise remained unchanged after this regimen. Hence, the AIT effect on hemodynamics in HFrEF patients mainly elicits central rather than peripheral physiologic adaptation.
In patients with HFpEF, AIT for 12 wks significantly enhanced the extent of blood distribution to VL and FC ($[THb] VL and $[THb] FC ), as well as O 2 use by VL ($[HHb] VL ) during exercise. Increased flow and correspondingly increased shear stress to the vessel walls during AIT may promote the release of nitric oxide from vascular endothelial cells, 31 contributing to the regulation of vascular tone and subsequent increase in blood distribution to FC and VL. Furthermore, previous investigations using healthy individuals or HF patients have demonstrated that AIT increased capillary densities, as well as enhanced mitochondrial oxidative capacity and biogenesis (reflected by up-regulated peroxisome proliferative activated receptor-F coactivator-1>) in skeletal muscle. 10 Accordingly, the AIT effect on peripheral hemodynamics in HFpEF may be associated with facilitated adaptations of skeletal muscles/ cerebral tissues to shear flow and/or metabolic stress during exercise. This finding may be able to explain the finding of Haykowsky et al. 32 that Da-vO 2 is an independent predictor of peak VO 2 , and the exercise intolerance of HFpEF may be attributed to peripheral, noncardiac factors.
Ventilatory Efficiency and Aerobic Capacity
The results of this study clearly showed that AIT for 12 wks simultaneously promoted aerobic efficiency and capacity, indicated by increased levels of OUES and VO 2peak , in both HFpEF and HFrEF patients. Furthermore, the AIT regimen substantially lowered the V E /VCO 2 slope with increasing VL and FC perfusions during exercise, which were associated with improved exercise performance in patients with HFpEF. A steep V E /VCO 2 slope represents hyperpnea upon exertion, which may reduce PaCO 2 and subsequently induce cerebral vasoconstriction during exercise in patients with HF. 31 Moreover, the reduction in cerebral perfusion/oxygenation inhibits cortical activation of efferent motor neurons, resulting in decreased muscle force-generating capacity and consequence of exercise intolerance. 33 Additionally, a heightened sensitivity to central/ peripheral chemoreceptors and muscle egoreceptors seems to cause the abnormal ventilatory response to exercise in patients with HF. 31 Accordingly, the authors speculate that AIT may enhance skeletal muscular blood flow to accelerate clearance of met-abolic products generated by exercise, thereby ameliorating exertional hyperpnea and subsequently increasing cerebral perfusion, eventually improving exercise tolerance in the HF population.
Health-Related QoL
The analytical results presented in this study indicated that AIT significantly increased the scores of the SF-36 physical and mental dimensions, as well as decreased the score of MLHFQ in both HFpEF and HFrEF patients. These findings imply that AIT simultaneously improves generic and disease-specific QoL in patients with HFpEF and HFrEF. 34 A possible explanation of the AIT effect on these health-related QoL issues is that AIT effectively enhances aerobic capacity and efficiency and relieves exercise intolerance, thus increasing the ability of patients to cope with the physical demands of daily activity and subsequently improving psychosocial status in HF patients. Furthermore, the better health-related QoL might exhibit less potential for mortality in HF patients and simultaneously reduce the financial burden on the health care system. 34 Limitations LVEF data used to classify the different groups and for follow-up assessment in this study were obtained by the Teichholz method using M-mode linear LV measurements, and although reproducible with high frame rates, it may not be representative in pathology with distorted ventricles.
CONCLUSION
In central hemodynamic adaptation, 12-wk AIT enhances cardiac systolic function as indicated by increased LVEF and CPI peak in HFrEF patients and improves cardiac diastolic function as reflected by the lowered E/E ¶ ratio in HFpEF patients. In peripheral 
